Abstract: Electrodeposition of amorphous silicon thin films on Cu substrate from organic ionic electrolyte using pulsed electrodeposition conditions has been studied. Scanning electron microscopy analysis shows a drastic change in the morphology of these electrodeposited silicon thin films at different frequencies of 0, 500, 1000, and 5000 Hz studied due to the change in nucleation and the growth mechanisms. These electrodeposited films, when tested in a lithium ion battery configuration, showed improvement in stability and performance with an increase in pulse current frequency during deposition. XPS analysis showed variation in the content of Si and oxygen with the change in frequency of deposition and with the change in depth of these thin films. The presence of oxygen largely due to electrolyte decomposition during Si electrodeposition and the structural instability of these films during the first discharge-charge cycle are the primary reasons contributing to the first cycle irreversible (FIR) loss observed in the pulse electrodeposited Si-O-C thin films. Nevertheless, the silicon thin films electrodeposited at a pulse current frequency of 5000 Hz show a stable capacity of~805 mAh·g −1 with a fade in capacity of~0.056% capacity loss per cycle (a total loss of capacitỹ 246 mAh·g −1 ) at the end of 500 cycles.
Introduction
Silicon is an important and widely used semiconductor material used in electronics industry as a major component of transistors, detectors, and microprocessors with a band gap of 1.1 eV. Over the last decade or so, efforts have been made to use silicon as anode in secondary lithium ion battery (LIB) systems replacing graphite, the traditional anode employed in the currently used Li-ion systems. This is attributed to the high theoretical specific charge storage capacity of silicon (4212 mAh·g −1 ) as compared to that of carbon/graphite (372 mAh·g −1 ) with respect to lithium [1] [2] [3] . However, the crystalline silicon anode suffers from colossal volumetric change (~320%) during the alloying and de-alloying in the LIB systems corresponding to the formation of Li 22 Si 5 phase, causing severe mechanical stresses thus leading to deformation, cracking, and loss of inter-particle contact in the anode [4] [5] [6] . This behavior leads to catastrophic failure of the anode within the first few charge-discharge cycles, causing decripitation of the electrode leading to rapid capacity discharge [7] [8] [9] [10] [11] and consequent failure.
Amorphous silicon (a-Si) deposited at low temperatures has isotropic volumetric expansion during lithiation-delithiation reactions and is considered a more stable anode material as compared to crystalline silicon in LIB systems [8, 9] . This is mainly due to the highly disordered structure causing more available free volume to be present, allowing for accommodation of the volume related stress and strain. a-Si in 2D form can be obtained by RF/magnetron sputtering from silicon targets, pulsed laser deposition, or thermal/plasma/microwave assisted decomposition of silicon precursors such as silane or organosilane precursors [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . However, on an industrial scale these techniques are expensive, involve high installation/maintenance costs, and have major safety issues since they involve explosive Si precursors. RF/magnetron sputtering although a commercially viable method suffers from being a line of sight unidirectional deposition technique and hence, fails to provide complex nanostructured geometries which are often required to stabilize Si anode system in LIB.
Electrodeposition or electroplating is a relatively simple, easy, robust, easily scalable, and economically viable electrochemical technique for large area generation of active systems. It is very widely used in industries to synthesize coatings and thin films of various metals, alloys, and particulate composites to enhance the tribological and corrosion resistance properties of materials. Recently, electrodeposition of amorphous silicon (a-Si) from non-aqueous electrolytes has been used to deposit thin films and nanostructures of a-Si by potentiostatic (constant potential) and galvanostatic (constant current) methods on different substrates-such as nickel foams, nickel coated tobacco mosaic virus (TMV), and copper foil-and their electrochemical properties are studied for LIBs [23] [24] [25] [26] [27] [28] [29] [30] [31] . However, there is no reported study on the evolution and modification of the morphology of a-Si thin films during the electrodeposition process and the systems suffer from poor areal loading density, low areal capacities, and low overall specific capacity of the anode due to the type of substrates employed.
In this regard, pulse electrodeposition is a well-known modification of traditional electrodeposition process and has been studied for varying the morphology, mechanical properties and composition of different types of metallic, composite, and nano coatings [32] [33] [34] [35] . The pulse power electrodeposition approach offers an economical and easy way to change the grain size and morphology of the deposits, thus enhancing the density of coatings and their mechanical strength and corrosion properties [36] [37] [38] [39] .
In the current work pulsed current electrodeposition (PED) technique was employed to develop Si thin films on Cu foil. PED at various frequencies of the pulsing cycle was used to obtain different morphologies of a-Si thin film deposits on Cu foil and their performance in LIB was studied. PED, which is a simple extension of electrodeposition technique, provides an economical way to modify the properties of the thin films by providing modulated voltage/current input into the electrodeposition cell instead of direct current or voltage. The composition and morphology of the thin films are thereby altered with the change in the frequency which correspondingly, influences their performance in the lithium ion batteries.
Results and Discussion

Pulsed Current Electrodeposition of Si on Cu Foils
The pictorial diagram of the two electrode electrodeposition cell along with the polarity of the electrical connections has been shown in Figure 1a . The general parameters of operation of the pulsed current electrodeposition are forward peak current density, forward ON TIME, forward OFF TIME, reverse peak current density, reverse ON TIME, reverse OFF TIME, and the total amount of charge supplied (Figure 1b) . The reduction and deposition of Si 4+ ions occurs during the ON TIME of the forward cycle (positive cycle) while during the ON TIME of the reverse cycle, the deposited Si is stripped in the form of Si 4+ and enters the electrolyte solution. During the OFF TIME also, there is no current passing through the cell and hence, there is no reduction/oxidation taking place at the electrodes. However, during the OFF TIME, since there is no deposition occurring, there is diffusion of Si 4+ ions from the bulk of the electrolyte towards the ionically depleted region formed at the electrode-electrolyte interface. A typical input cycle of pulse current electrodeposition with both deposition and stripping cycle is as shown in Figure 1b . In the current study however, to prevent the complications arising from the oxidation of Cu from the substrate into the electrolyte during the reverse cycle, we have employed only the forward deposition cycle as shown in Figure 1c . The percentage ratio of ON TIME (AB) to forward TIME (AB+CD) in the pulsing cycle is termed as the DUTY CYCLE and is kept constant at 50%. The different pulsed current electrodeposition parameters used in the study have been listed in Table 1 .
corresponding to the reduction of Si 4+ ions and deposition of Si at around (−) 1.58 V.
The pulse electrodeposited films showed yellowish color after they were washed in propylene carbonate followed by anhydrous acetone in the glove box atmosphere. However, upon exposure to ambient atmosphere, the silicon reacts with air/moisture and immediately undergoes oxidation to form silicon dioxide thus turning into a white deposit in due course of time. Hence, the electrodeposited samples were sealed in the glove box under argon atmosphere and then transferred for Raman analysis and into the scanning electron microscopy chamber for further analyses. The Raman analysis of all the pulse current electrodeposited films was carried within 15 min after exposure to ambient atmosphere. The Raman spectra showed a broad peak (Figure 1e ), approximately 483-487 cm −1 for all the pulse electrodeposited samples. For crystalline silicon, a sharp peak corresponding to transverse optical vibrational mode is reported [40] [41] [42] at around 520 cm −1 . However, the broad peak obtained in the Raman spectra suggests the presence of amorphous silicon in the thin film which is caused due to the disruption of long range order as compared to crystalline silicon. The linear sweep voltammetry (Figure 1d ) of the supporting electrolyte TBACL in propylene carbonate solvent showed stable electrolyte window of (−) 0.5 V to (−) 1.9 V without any deposition peak for the current electrochemical setup. With the addition of SiCl 4 , the LSV shows a cathodic peak corresponding to the reduction of Si 4+ ions and deposition of Si at around (−) 1.58 V.
The pulse electrodeposited films showed yellowish color after they were washed in propylene carbonate followed by anhydrous acetone in the glove box atmosphere. However, upon exposure to ambient atmosphere, the silicon reacts with air/moisture and immediately undergoes oxidation to form silicon dioxide thus turning into a white deposit in due course of time. Hence, the electrodeposited samples were sealed in the glove box under argon atmosphere and then transferred for Raman analysis and into the scanning electron microscopy chamber for further analyses. The Raman analysis of all the pulse current electrodeposited films was carried within 15 min after exposure to ambient atmosphere. The Raman spectra showed a broad peak (Figure 1e ), approximately 483-487 cm −1 for all the pulse electrodeposited samples. For crystalline silicon, a sharp peak corresponding to transverse optical vibrational mode is reported [40] [41] [42] at around 520 cm −1 . However, the broad peak obtained in the Raman spectra suggests the presence of amorphous silicon in the thin film which is caused due to the disruption of long range order as compared to crystalline silicon.
Morphological and Compositional Characterization
SEM analysis was conducted to observe the morphology of the electrodeposited films. For the SEM and EDAX analysis (Figure 2 ), the samples were transferred into the SEM chamber within 5 min of opening the seal to prevent the oxidation of silicon due to prolonged exposure to the oxygen and moisture in the room atmosphere. The EDAX analysis of the samples showed the presence of silicon, oxygen, copper, and carbon (Figutre 2a). The copper peak (CuLα~0.93 KeV) arises from the substrate on which the electrodeposition has been carried out while the presence of oxygen is attributed to the partial oxidation of silicon (SiKα~1.739 KeV) in the brief time the samples are exposed to the room atmosphere while transferring into the SEM chamber. The presence of carbon (CKα~0.277 KeV) may be attributed to the presence of residual solvent or contamination from the SEM chamber. Another reason for the presence of carbon and oxygen (OKα~0.525 KeV) can be attributed to the decomposition of electrolyte along with the reduction of silicon due to the localized over potential developed on the growth sites during the electrodeposition process, thus forming a Si-O-C composite system [43] [44] [45] [46] . The glancing angle XRD pattern ( Figure 2b ) shows only Cu peaks (2θ~43.7 • , 50.8 • ) arising from the underlying substrate devoid of any peaks corresponding to crystalline silicon (high intensity peak at 2θ~28.4 • ). The zoomed up inset pattern obtained from smoothening of the curves (inset of Figure 2b ) shows a low intensity broad peak between 27 • < 2θ < 30 • which confirms the amorphous nature of electrodeposited silicon thin film validating the Raman analysis. Due to the amorphous nature of the silicon in the electrodeposited thin film, the intensity of the Cu peaks dominates the spectra obtained from the glancing angle XRD and the low intensity broad peak of a-Si could be noticed only by analyzing the obtained spectra in the 20
of the migrating Si ions from the solution to the cathode surface difficult [48] [49] [50] . This rapid change in the pulsing process leads to the formation of thin film by enhanced nucleation rate and limited growth rate resulting in a dense Si film as seen in Figure 2e ,f similar to pulse electrodeposition of silver alloys [51] . A similar change in morphology has been reported for Sn thin films with the change in frequency of deposition wherein the morphology of Sn thin films change from porous large non-uniform grains to dense structures by increasing the pulse frequency [32] . Figure 2b shows the smoothened XRD curve between 20° < 2θ < 35°. SEM images of (c) PEDSi-0, (d) PEDSi-500, (e) PEDSi-1000 and (f) PEDSi-5000 Hz.
Electrochemical Characterization of PEDSi on Cu
Electrodeposition driven by controlled atomistic reduction of Si 4+ ions, results in direct growth of a-Si thin film on the Cu surface instead of generating discrete loose particles leading to good mechanical and electrical contact at Cu/Si interface due to the likely strong interface adhesion forces. Hence, the pulse electrodeposited Si electrodes were directly assembled in a 2025 coin cell without The SEM analysis (Figure 2 ) of the samples shows a drastic change in morphology between the films deposited at 0 (galvanostatic, PEDSi-0), 500 (PEDSi-500) and 1000 Hz (PEDSi-1000). PEDSi-0 (Figure 2c ) which corresponds to the constant current electrodeposition showed islands of silicon approximately 5-10 µm wide simulating dried mud cracks, which is in good agreement with previous study reported [37] . PEDSi-500 (Figure 2d ) which corresponds to pulse current frequency of 500 Hz, showed a cracked morphology very similar to PEDSi-0, however, the solid islands of Si were replaced by discrete particulate deposits. At a frequency of 1000 Hz, the island morphology was completely replaced with a thin continuous layer comprising of 1-2 µm silicon particles seen in the SEM analysis of PEDSi-1000 (Figure 2e ). At higher frequency of 5000 Hz, the deposits retained the thin film morphology as observed in PEDSi-1000 however; the size of the particles comprising the film decreases to less than 1 µm observed in PEDSi-5000 (Figure 2f ). This change in morphology occurs due to the change in the nucleation and growth kinetics of the film followed by the variation in thickness of the depletion layer at the electrode-electrolyte interface and the decrease in the concentration of ions in the bulk of the solution. The difference in the morphologies can be explained by two different reason depending on the frequencies used during pulse electrodeposition.
At lower frequencies (PEDSi-0 Hz, PEDSi-500 Hz, and PEDSi-1000 Hz), the competitive behavior between the time scale for Si 4+ diffusion and reduction results in the formation of different morphology of the thin films. During longer ON TIME, the timescale for reduction is more favorable than that for diffusion of Si 4+ hence, giving a low-density deposition with large grains as in case of PEDSi-0 and PEDSi-500. However, the Si 4+ diffusion is favored upon decreasing the ON TIME allowing the ions to penetrate into the diffusion structure giving more uniform and denser thin films (PEDSi-1000 Hz) thus, improving the mechanical strength of the Si thin film as well as that of the Si-Cu interface [47, 48] . At higher pulse frequencies (PEDSi-1000 Hz to PEDSi-5000 Hz), the pulses are much shorter, i.e., both ON TIME and OFF TIME are of short duration during which the double layer does not have sufficient time to fully charge during ON TIME and to discharge during the OFF TIME. The completion of one pulse cycle is immediately followed by the next pulse which results in thin pulse diffusion layers. This phenomenon hinders the transport process and makes the diffusion of the migrating Si 4+ ions from the solution to the cathode surface difficult [48] [49] [50] . This rapid change in the pulsing process leads to the formation of thin film by enhanced nucleation rate and limited growth rate resulting in a dense Si film as seen in Figure 2e ,f similar to pulse electrodeposition of silver alloys [51] . A similar change in morphology has been reported for Sn thin films with the change in frequency of deposition wherein the morphology of Sn thin films change from porous large non-uniform grains to dense structures by increasing the pulse frequency [32] .
Electrodeposition driven by controlled atomistic reduction of Si 4+ ions, results in direct growth of a-Si thin film on the Cu surface instead of generating discrete loose particles leading to good mechanical and electrical contact at Cu/Si interface due to the likely strong interface adhesion forces. Hence, the pulse electrodeposited Si electrodes were directly assembled in a 2025 coin cell without addition of any binder or Super P and tested with lithium as counter/reference electrode in the voltage window of 0.01-1.2 V. A significant peak is observed close to~0.15 V during the first discharge cycle in the differential capacity plot (Figure 3a) indicating the alloying reaction of lithium with a-Si and presence of partially alloyed (a-Li y Si) and unalloyed (a-Si) two phase region as reported in the literature [52] [53] [54] . The presence of a potential peak at~0.08 V indicates various stages of alloying reactions and complete formation of a-Li x Si during the end of the first discharge cycle. The charge cycle shows reaction peaks at~0.32 V and~0.48 V corresponding to the extraction of lithium from electrode which is commonly observed for the de-alloying reaction from the amorphous Li x Si alloy. The columbic efficiency varied from 94% to 98% from the second to fifth cycle, after which it further improved and remained close to 99.7% for the rest of the cycles. The electrochemical reduction of Si 4+ during electrodeposition is accompanied solvent decomposition and reduction of tetrabutylammonium ion (TBA + ) leading to formation of carbon and oxygen in the thin film. To calculate the gravimetric capacity of the deposited silicon films, an efficiency parameter for Si 4+ reduction is introduced into the Faraday's law to calculate the actual number of moles of silicon reduced. An efficiency parameter of 35% efficiency is used in the current work, based on previously reported work using similar electrolyte and deposition conditions [31] . The theoretically calculated areal loading density of Si is ~0.1 mg·cm −2 while the experimentally measured loading density of Si is ~0.24-0.28 mg·cm −2 . The additional loading density is expected to arise due to the presence of carbon and oxygen in the thin films formed by the reductive decomposition of the solvent and TBACL. Figure 3b shows the specific capacity plots of pulse electrodeposited silicon films at different frequencies, when tested in lithium ion battery at a current density of 300 mA·g −1 . Discharge capacities of 900-1250 mAh·g −1 were obtained with a first cycle irreversible (FIR) loss of ~60%-70% for these films. Electrodeposited silicon is often associated with high FIR loss due to the formation of Si-O-C films instead of pure silicon and presence of chlorine in the films. This occurs due to the reductive decomposition of the propylene carbonate or TBA + , the local over potential on the surface of the The electrochemical reduction of Si 4+ during electrodeposition is accompanied solvent decomposition and reduction of tetrabutylammonium ion (TBA + ) leading to formation of carbon and oxygen in the thin film. To calculate the gravimetric capacity of the deposited silicon films, an efficiency parameter for Si 4+ reduction is introduced into the Faraday's law to calculate the actual number of moles of silicon reduced. An efficiency parameter of 35% efficiency is used in the current work, based on previously reported work using similar electrolyte and deposition conditions [31] . The theoretically calculated areal loading density of Si is~0.1 mg·cm −2 while the experimentally measured loading density of Si is~0.24-0.28 mg·cm −2 . The additional loading density is expected to arise due to the presence of carbon and oxygen in the thin films formed by the reductive decomposition of the solvent and TBACL. Figure 3b shows the specific capacity plots of pulse electrodeposited silicon films at different frequencies, when tested in lithium ion battery at a current density of 300 mA·g −1 . Discharge capacities of 900-1250 mAh·g −1 were obtained with a first cycle irreversible (FIR) loss of~60%-70% for these films. Electrodeposited silicon is often associated with high FIR loss due to the formation of Si-O-C films instead of pure silicon and presence of chlorine in the films. This occurs due to the reductive decomposition of the propylene carbonate or TBA + , the local over potential on the surface of the electrolyte leading to localized decomposition, presence of minute traces of water in electrolyte, poor ionic conductivity of the electrolyte, and poor electronic conductivity of electrodeposited Si film. The cycling plot also shows a major loss in capacity during the first 10 cycles after which the specific capacity of the Si thin films stabilizes with lower fade rate.
The pulse current deposited conditions showed very minor reduction in FIR with increase in frequency of deposition (Figure 3c ) as compared to higher FIR loss exhibited by films deposited under direct current conditions. However, the fade rate in the first 10 cycles showed significant reduction from~3.15% loss per cycle for films deposited under DC conditions to~1.5% loss per cycle for PEDSi-5000 Hz. Upon long term cycling at a current rate of 0.3 A·g −1 (Figure 3d) , the PEDSi-5000 Hz thin film showed a gravimetric specific discharge capacity of~810 mAh·g −1 at the end of 500 cycles with a very low fade rate of~0.056% capacity loss per cycle.
Post cycled SEM analysis of the films for DC conditions showed retention of the island morphology (or cracked film morphology) after 50 charge-discharge cycles which is consistent with the results reported in previous study [31] . PEDSi-500 Hz showed transformation of morphology to cracked thin film morphology during the initial 10 cycles and no further change in the morphology upon further testing till 50 cycles (Figure 4a-c) . Continuous thin films deposited under PEDSi-1000 Hz (Figure 4d-f) and PEDSi-5000 Hz (Figure 4g-i) , showed development of cracks during the initial 10 cycles of testing after which the films showed no major change in morphology upon further testing, thus indicating the stability of the films due to the improvement in mechanical properties. Electrodeposition being a controlled method involving atomistic adsorption, diffusion and reduction of ions followed by crystallization of atoms, improves the adhesion of thin film to the Cu substrate contributing to mechanical stability of the films. Hence, the electrodeposited films show better performance and stable cycling as compared to sputtered silicon films which fail due to delamination of the films at the substrate-silicon interface [7, 55] .
ionic conductivity of the electrolyte, and poor electronic conductivity of electrodeposited Si film. The cycling plot also shows a major loss in capacity during the first 10 cycles after which the specific capacity of the Si thin films stabilizes with lower fade rate.
The pulse current deposited conditions showed very minor reduction in FIR with increase in frequency of deposition (Figure 3c ) as compared to higher FIR loss exhibited by films deposited under direct current conditions. However, the fade rate in the first 10 cycles showed significant reduction from ~3.15% loss per cycle for films deposited under DC conditions to ~1.5% loss per cycle for PEDSi-5000 Hz. Upon long term cycling at a current rate of 0.3 A·g −1 (Figure 3d) , the PEDSi-5000 Hz thin film showed a gravimetric specific discharge capacity of ~810 mAh·g −1 at the end of 500 cycles with a very low fade rate of ~0.056% capacity loss per cycle.
Post cycled SEM analysis of the films for DC conditions showed retention of the island morphology (or cracked film morphology) after 50 charge-discharge cycles which is consistent with the results reported in previous study [31] . PEDSi-500 Hz showed transformation of morphology to cracked thin film morphology during the initial 10 cycles and no further change in the morphology upon further testing till 50 cycles (Figure 4a-c) . Continuous thin films deposited under PEDSi-1000 Hz (Figure 4d-f) and PEDSi-5000 Hz (Figure 4g-i) , showed development of cracks during the initial 10 cycles of testing after which the films showed no major change in morphology upon further testing, thus indicating the stability of the films due to the improvement in mechanical properties. Electrodeposition being a controlled method involving atomistic adsorption, diffusion and reduction of ions followed by crystallization of atoms, improves the adhesion of thin film to the Cu substrate contributing to mechanical stability of the films. Hence, the electrodeposited films show better performance and stable cycling as compared to sputtered silicon films which fail due to delamination of the films at the substrate-silicon interface [7, 55] . A summary of XPS composition analysis of the Si thin films deposited at different frequencies along with depth profiling (increase in etching time) of the thin film and the calculated FIR loss as A summary of XPS composition analysis of the Si thin films deposited at different frequencies along with depth profiling (increase in etching time) of the thin film and the calculated FIR loss as per the reversible reaction of Si to form metastable Li 3.75 Si [56, 57] and the irreversible reaction of Li with oxygen to form Li 2 O as shown in Figure 5 is given below.
Li
of the films to ambient atmosphere and following earlier reports [45, 46] , it is likely that increase in oxygen content in the film is probably due to enhanced decomposition of the electrolyte with increase in the thickness of the electrodeposited film and the time of deposition. A similar trend is observed in the calculated FIR loss arising from lithium irreversibly reacting with oxygen indicating that thinner films would show lower FIR loss as compared to thicker films due to the likely reduction in the oxygen content of the electrodeposited thin films following XPS analysis. The amount of Si content in the film increases with the increase in the frequency of the pulse electrodeposition due to minimal diffusion into the bulk. However, the oxygen content in the film decreases from PEDSi-0 Hz to PEDSi-500 Hz and then increases from PEDSi-500 Hz to PEDSi-5000 Hz. As explained previously at lower frequencies, the growth of Si thin films is guided by relative timescales available for diffusion and reduction of Si 4+ ions [47, 48] . Due to the enhanced diffusion of Si 4+ ions during the OFF TIME the Si content increases and the oxygen content decreases from PEDSi-0 Hz to PEDSi-500 Hz. However, at higher frequencies the deposition is governed by The amount of silicon and the ratio of silicon to oxygen increases with depth profiling. Considering that the electrodeposition was conducted under inert conditions and minimal exposure of the films to ambient atmosphere and following earlier reports [45, 46] , it is likely that increase in oxygen content in the film is probably due to enhanced decomposition of the electrolyte with increase in the thickness of the electrodeposited film and the time of deposition. A similar trend is observed in the calculated FIR loss arising from lithium irreversibly reacting with oxygen indicating that thinner films would show lower FIR loss as compared to thicker films due to the likely reduction in the oxygen content of the electrodeposited thin films following XPS analysis.
The amount of Si content in the film increases with the increase in the frequency of the pulse electrodeposition due to minimal diffusion into the bulk. However, the oxygen content in the film decreases from PEDSi-0 Hz to PEDSi-500 Hz and then increases from PEDSi-500 Hz to PEDSi-5000 Hz. As explained previously at lower frequencies, the growth of Si thin films is guided by relative timescales available for diffusion and reduction of Si 4+ ions [47, 48] . Due to the enhanced diffusion of Si 4+ ions during the OFF TIME the Si content increases and the oxygen content decreases from PEDSi-0 Hz to PEDSi-500 Hz. However, at higher frequencies the deposition is governed by enhanced nucleation combined with electrolyte decomposition with limited growth rate [49] [50] [51] due to which the content of both silicon and oxygen increases from PEDSi-500 Hz and PEDSi-5000 Hz.
The calculated FIR loss from the XPS composition shows lower FIR loss for PEDSi-500 Hz and PEDSi-5000 Hz when compared to PEDSi-0Hz and PEDSi-1000 Hz. The general drop in the FIR loss with depth is to be expected with the reduction in the surface oxygen in line with Figure 5b . Further, the calculated FIR loss is in the range of 28%-37% for the pulse electrodeposited films while the experimentally observed values are in the range of 60%-70%. The deviation of calculated FIR loss (from XPS compositional analysis) from that observed in electrochemical testing indicates that the FIR loss in these thin films is a combined effect of the loss of lithium due to the oxygen content in the film primarily arising due to electrolyte decomposition and the initial frequency independent disintegration of the thin film during the first cycle discharge. The post-cycled SEM study (Figure 4 ) which shows change in morphology of thin films during the first 10 cycles also confirms the contribution of material loss due to morphological/microstructural disintegration contributing to the FIR loss. More work is clearly warranted to unequivocally ascertain these inferences. The results nevertheless show the influence of frequency of pulsed current electrodeposition on the evolution of morphology and composition (Si, O, C) of the a-Si thin films with their subsequent influence on the electrochemical cycling response. Further studies could likely lead to improvements in obtaining high capacity as well as lowering the FIR with improved cycling stability, further attesting to the promise of electrodeposition as a viable approach for generating large scale silicon electrodes for lithium-ion applications.
Materials and Methods
Pulse Electrodeposition of Silicon on Cu Substrates
Propylene carbonate (PC, 99.9% anhydrous), tetrabutylammonium chloride (TBACL, >97%), silicon tetrachloride (SiCl 4 , 99.99%), and acetone (99.9%, anhydrous) used for deposition studies were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were used without further purification. Propylene carbonate was selected as the solvent due to its high dielectric constant (k = 64) which makes it a good medium for dissolving silicon tetrachloride. For the supporting electrolyte, tetrabutylammonium chloride (TBACL, >97%) was dried overnight in vacuum and added to propylene carbonate to improve the conductivity of the electrolyte.
A solution of 0.5 M SiCl 4 and 0.1 M TBACL prepared by dissolving 1.12 g TBACL and 2.3 mL SiCl 4 in 37.7 mL PC under regulated atmosphere (O 2 < 0.1 ppm and H 2 O < 0.1 ppm) in a glove box was used as the electrolyte for the PED. EC epsilon (Bioanalytical system, West Lafayette, IN, USA) was used to conduct linear sweep voltammetry (LSV) of the electrolyte in a cylindrical three electrode cell made of glass and sealed with teflon gaskets at both the ends. For the pulsed electrodeposition study, bare Cu foil was used as the working electrode while platinum wire (diameter = 0.5 mm, 99.95%, Alfa Aesar, Tewksbury, MA, USA, 1 mm distance from working electrode) and platinum foil (0.5 cm L × 0.5 cm B × 0.1 mm thick, 99.9%, Aldrich, St. Louis, MO, USA) served as the reference and counter electrodes, respectively. Dynatronix pulse power supply (Dynatronix, Amery, WI, USA) was used for the pulsed current electrodeposition of Si films under an argon atmosphere by converting the three-electrode cell into a two electrode cell. The Cu electrodes were sonicated in ethanol and acetone for 5 min and dried in air before use and 20 ml of the above electrolyte solution was used for the deposition immediately after preparation. The peak current density of the pulsing cycle was 1 mA·cm −2 with a duty cycle of 50%, total charge density of 60 mA-min·cm −2 and the frequency of the cycle was maintained at 0 (galvanostatic), 500, 1000, 2000, 3000, 4000, and 5000 Hz. To remove any traces of electrolyte, salts, and impurities, the copper foils electrodeposited with silicon were first rinsed in PC followed by anhydrous acetone under an argon atmosphere. The foils were then allowed to dry in an argon filled glove box approximately for 1 h before further characterization.
Material and Electrochemical Characterization
The pulse electrodeposited samples were always sealed in the glove box under an argon atmosphere before transferring them out of the glove box for further studies. Scanning electron microscopy (SEM, Philips XL 30, FEI, Hillsboro, OR, USA) was used to study the morphological characteristics of the thin films and subsequently, attached Energy Dispersive X-ray Spectroscopy (EDAX, AMETEK, Mahwah, NJ, USA) operated at 10 kV was used along with the GENESIS software for conducting qualitative compositional analysis [58] . Raman spectroscopy was performed using a Renishaw inVia Raman microscope (Renishaw, Gloucestershire, UK) equipped with a 633 nm red laser to evaluate the vibrational and rotational modes of the deposited films. PANalytical Empyrean XRD diffractometer (PANalytical, Almelo, Netherlands) was used for performing Glancing angle X-ray diffraction (GAXRD) on the electrodeposited Si thin films. The Cu foil electrodeposited with Si were assembled under argon atmosphere in a half cell (2025 coin cell) using lithium foil as the counter electrode and 1M LiPF 6 in ethylene carbonate (EC), diethylene carbonate (DEC), and fluoroethylene carbonate (FEC) with EC:DEC:FEC = 45:45:10 by volume as electrolyte. The assembled coin cell was tested in the potential window of 0.01-1.2 V with respect to Li/Li + , at a current rate of 0.3 A·g −1 to study their performance as anode material.
Conclusions
Morphology of amorphous silicon was modified by using frequency-dependent pulse current electrodeposition technique. Under galvanostatic conditions, films show mud crack morphology; while at higher frequencies (>1000 Hz) growth of thin continuous film due to the coalescence of electrodeposited particles is observed. Films electrodeposited at 500 Hz show islands of micron size particles forming discontinuous or continuous films under pulse current conditions decreasing in size with increase in frequency. Difference in the morphology is likely due to change in the nucleation and growth mechanisms of thin films formed at the different frequencies studied. The films show an improvement in performance when tested in LIBs with the increase in frequency due to enhanced stability under pulsed current electrodeposition conditions. Consequently, the fade rate (% loss per cycle) reduced from~3.15% under DC electrodeposition to~1.6% for pulsed current frequencies greater than 1000 Hz. The films also showed a major change in morphology during the first 10 cycles of electrochemical testing which supports the high fade rate during initial electrochemical cycling. There was minor reduction in first cycle irreversible (FIR) loss with frequency and the pulse electrodeposited films showed a capacity of~1000-1250 mAh·g −1 with a columbic efficiency of~99.7% at the end of 47 cycles. Upon long term cycling at a current rate of 0.3 A·g −1 , the thin films deposited at a 5000 Hz frequency showed a capacity of~805 mAh·g −1 at the end of 500 cycles with a fade rate of~0.056% capacity loss per cycle demonstrating very good stability and effects of frequency. The loss of lithium due to the presence of oxygen and the change in mechanical integrity due to volumetric expansion during the initial discharge-charge cycle is the major reason for the high FIR loss.
